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Abstract 
 
Gas turbines play a key role in the power generation industry. The UPME (Unidad de planeación minero-energética), in its monthly 
report of the generation variables and the Colombian electricity market, quoted data from December 2016, highlights that the net 
effective capacity in megawatts is 2,093 and represents about 12.61% of the total energy capacity through gas thermal plants. During 
hot seasons, the performance of the turbines is affected by the elevated air temperature flowing into the cycle, because the power 
output depends on the air mass flow through the compressor, the mass flow decreases as the temperature increases, resulting in a 
decline in efficiency and power generation. A gas turbine in open cycle was analyzed based on the first and second law of 
thermodynamics, irreversibilities were considered using exergy as the criterion to establish the overall performance of the system. 
An alternative analysis was proposed modifying the ideal Brayton cycle, humidity of the air, the height above sea level, and the 
detailed molar composition by component were considered. Furthermore, the heat adding process was replaced by an adiabatic and 
isobaric combustion progression with a subsequent cooling by means of an adiabatic mixture of ideal gases with the compressor 
discharged air to condition the incoming flow mixture of gases to the turbine aimed to maintain the maximum allowed temperature 
controlled. The simulation was developed in the software EES (Engineering Equation Solver) and the free software CEA (Chemical 
Equilibrium with Applications) from NASA was used to validate results for the combustion process, under the criterion of chemical 
equilibrium. Few investigations about inlet cooling methods for gas turbines have supported the implementation of such kind of 
technologies by means of exergy balance, which is the main goal of this research. 
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I. Introduction 
Gas turbines have been used for electricity 
production and mechanical drive applications in 
many regions around the world, widely applied in 
airplanes, refineries, and various industrial services. 
The focus of this analysis was aimed for power 
generation in an open cycle internal combustion 
engine, single shaft model. The volumetric air flow 
into the engine is constant, hence specific volume of 
the incoming air is directly proportional to 
temperature.  The augmentation of this specific fluid 
property will rise compressor work on the system, 
thus reducing net power output. Power output is 
directly proportional to the mass flow of air through 
the system. Decreasing air specific volume of the 
incoming air, thereof, increasing air density play a 
key role in the power produced by the engine. The 
scope of this research involves the study of a simple 
cycle gas turbine to explain the inlet temperature 
influence in the exergy expended, degraded and 
recovered on the entire system and clearly visualize 
the power output, efficiency, heat rate, inlet air mass 
flow rate and exhaust gases temperature 
performance. The exergy destruction, complement 
widely the justification for the implementation of air 
cooling methods to recover the power output in hot 
weather conditions. Hardly any types of researches 
regarding cooling air methods refers to exergy on 
their analyses, but some researches have generally 
studied commercial inlet cooling methods to 
improve performance on power plants.  
 
Alaa et al. [1]. studied the influence of ambient air 
temperature on the power output. Demonstrated that 
when using evaporative cooling the intake air was 
cooled and gas turbine power produced increased 
but final temperature was constrained by the air wet 
bulb or relative humidity. On the other hand, using 
absorption chiller technology, final air temperature 
is not constrained by weather conditions. Oyedepo 
et al. [2]. showed that gas turbine thermal efficiency 
is affected by ambient temperature, increasing as 
ambient temperature remains low, so, power plant 
specific fuel consumption surge with increase in 
ambient temperature. Wadhah and Abdul [3]. 
described the effect of ambient temperature on the 
exergy efficiency of the components of a gas 
turbine, all the components described a reduction in 
efficiency as ambient air temperature increases. At 
several temperatures the rate of irreversibility, 
exergy productivity and the imperfections were 
highlighted for each component and the entire plant, 
where the combustion chamber and the turbine were 
the higher destruction exergy devices. Çengel and 
Boles [4]. have examined the fundamental concepts 
of exergy theory, they surveyed the performance of 
engineering devices in the light of the second law of 
thermodynamics. Reversible work, irreversibilities, 
second law efficiency and exergy balances to control 
volumes have been widely developed by them. Tara 
et al. [5]. made an exergy balance on a gas turbine 
power plant and studied the influence of several 
factors as compressor ratio, compressor inlet 
temperature and turbine inlet temperature, they 
revealed that the most sensitive component 
concerning irreversibilities for a gas turbine was the 
combustion chamber. Giampaolo T. [6].  described 
the negative effect on the power output of the turbine 
due to the increase in ambient temperature regarding 
the design point, referred as ISO conditions, which 
clearly indicated the advantages of cooling the 
incoming air to the compressor, especially in hot 
climates.  
 
First section describes the mathematical approach 
based on thermodynamic principles that govern a 
modified simple and open cycle gas turbine model. 
The design conditions for the reference performance 
are defined, also the assumptions that delimit and 
simplify the problem. Mass, energy and exergy 
balance equations are proposed for each device: 
Compressor, combustion chamber and turbine. 
Additionally, an exergy analysis to the surroundings 
in regards to the flue gases release to the atmosphere 
must be included to define the overall performance 
of the system.  
 
Coupled with the analytical approach, second part 
shows the results of the simulation carried out with 
the Engineering Equation Solver (EES) software, in 
which the set of equations proposed has been left as 
a function of the inlet temperature, a variation in a 
defined range allows to elucidate the power output 
reduction impact, efficiency and increase of the 
irreversibilities of the components, at elevated 
temperatures. The simulation validation for the 
analysis of the adiabatic combustion and the molar 
composition of the products was carried out with the 
free software Chemical Equilibrium with 
Applications (CEA) of NASA. Equally important, 
the third part summaries destroyed and recovered 
exergy plus second low efficiency for the whole 
system. 
II. Methods-Gas Turbine 
Thermodynamic Modelling 
The proposed gas turbine is an open cycle single 
shaft design, Fig. 1 depicts the schema with the basic 
components considered for this study. Compressor 
C, Combustion Chamber C.C and Turbine T. The 
selected fuel is methane CH4 . The cycle was 
evaluated at ISO standard conditions, ISO 3977-3 
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Second edition, 2004, To = 15 [C], Po =
101.325 [kPa]  and ɸ = 60%. This is the standard 
reference point, from which operation parameters 
deviations are going to be compared to.   
 
 
Figure 1. Simple Cycle Gas Turbine Illustration   
 
Assumptions: The gas turbine model was 
developed under the following assumptions: (i) 
Ideal gas mixture principles apply for wet air 
inflowing the compressor, combustion products as 
well as for fuel entering the combustion chamber, 
(ii) steady flow, (iii) all components are adiabatic, 
(iv) isobaric combustion process takes place,  
moreover cooling air from the compressor cool the 
combustion products off,  which controls turbine 
inlet temperature (v), turbine inlet temperature is a 
safety control operation limit, so it is a known 
parameter (vi) isentropic compressor and turbine 
efficiencies are defined, (vii) compressor and 
turbine pressure ratio are established, (viii) 
negligible potential and kinetic energies assumption, 
(ix) combustion process is near stoichiometric [7]. 
ten percent air excess was considered (AC: 
combustion air and fuel gas ratio is defined), with 
N2, CO2, H2 O, CO, NO2, NO and O2 as main 
combustion products. (x) Pressure drops are 
negligible, (xi) exhaust gas products after expansion 
are released to the atmosphere, and this means there 
is not a heat recovery steam generator. Mass, energy 
and exergy balances were assessed for each 
component using the thermodynamic performance 
criteria. Compressor inlet temperature was varied 
over a range of thirty Celsius, 10-40 °C, to visualize 
the impacts on: incoming air mass flow rate, 
compressor and turbine performance, overall 
efficiency, power output and heat rate were foremost 
targets based on first law of thermodynamics, while 
exergy destroyed-irreversibilities, second law 
efficiencies on compressor, combustion chamber, 
turbine, overall efficiency and recovered exergy  
 
 
 
were clearly assessed by second law of 
thermodynamics criteria. The destroyed and 
recovered exergy ratio defines the second law 
efficiency concept. A key target is to justify or no 
the implementation of a turbine inlet cooling system 
to recover power and improve efficiency of the 
overall system using the exergy and energy criteria. 
 
a. Mass, Energy and Exergy governing 
equations 
 
i. Compressor  
Wet air is compressed from weather conditions, in 
usual operation, steady state, without considering 
any compressor inlet air cooling method, the scheme 
2 shows the filter house, transition duct to the 
compressor and target states. 
 
 
Figure 2. Compressor, estates 1 & 2 
 
Product of the energy balance in a stationary flow, 
adiabatic and work consumer device [8]. can be 
defined the isentropic compressor efficiency ηc , this 
is a measure of the current deviation of a process 
with respect to the idealized, which implies a greater 
work demand by the compressor. The final 
discharge temperature can be determined fittingly as 
a function of the pressure ratio rp, isentropic 
coefficient k and the isentropic efficiency nc, [9].  
 
T2 =
T1
ηc
(r − 1 +  ηc)  .(  1 ) 
Following relation are also required:  
 
r = rp
k−1
k
 
,  rp =
P2
P1
 , k =
Cp
Cv
 , Cp = ∑ yi Cpi
  , Cv =
n
i
Cp − Ru  .(  2 ) 
Likewise, it is possible to calculate the current 
discharge temperature of the compressor directly 
from EES, so that we have the actual enthalpy h2a  
[kJ / Kmol] of the actual process and with this 
property it is possible to determine the actual 
temperature T2a  [K]: 
 
h2a(T2a) =
h2s−h1
ηc
+ h1  .(  3 ) 
 
The exergy amount flowing into a system, in 
stationary flow, occurs in the form of heat, work and 
mass, and must be equal to the amount of exergy 
output plus exergy destroyed [4]. 
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∑ (1 −
To
Ti
) Qi̇ − Ẇ + ∑ Ṅ ψin − ∑ Ṅ ψout −
Ẋdetroyed = 0 . (  4 ) 
Where:  
Exergy transfer by heat [kW] 
∑ (1 −
To
Ti
) Qi̇ :  
Exergy transfer by moles [kW] 
∑ Ṅ ψin − ∑ Ṅ ψout 
For an adiabatic device which does not involve 
exergy flow by heat, it follows that:  
 
∑ Ṅ ψin − ∑ Ṅ ψout − Ẇ − Ẋdetroyed = 0 .(  5 ) 
The corresponding change in the exergy flow, for an 
adiabatic device and single stream per unit mole is 
given by: 
ψ2 − ψ1 = h2 − h1 − To(s2 − s1) .(  6 ) 
Here the reversible work is defined as the minimum 
power input for a consuming device, in other words, 
it is the exergy increment in the wet air compressed: 
ẆrevC = Ṅm (ψ2 − ψ1) .(  7 ) 
And the actual work consumed by the compressor 
is: 
ẆC = Ṅm (h2 − h1) .(  8 ) 
Thus, second law efficiency is defined as: 
ηIIc =
ẆrevC
ẆC
  .(  9 ) 
It is the ratio from the recovered and expended 
exergy.   
 
ii. Combustion Chamber 
 
Former section was limited to a non-reacting 
thermodynamic process, conversely, combustion 
implies a chemical reacting progression. 
Combustion can be assumed stable, no external 
work involved, occurs at constant pressure and 
adiabatically, Rotaru, C. et al [10]. Wet air  ṁac and 
methane  ṁc are the reactants. After the combustion 
flue products  ṁp are mixed with cooling air  ṁaf 
from the compressor at state 2, to fulfil turbine inlet 
temperature metallurgical restrictions. Figure 3 
describes the control volume.  
 
Figure 3. Combustion chamber control volume 
Due to main combustion products defined for this 
investigation were proposed to 
be N2, CO2, H2O, CO, NO2, NO and O2, to simplify 
the analysis, it is necessary to implement chemical 
equilibrium criteria for simultaneous reactions. A 
real approximation of the combustion process was 
based on the following reaction:  
NCH4CH4 + α at(O2 + 3.76N2) + NH2OrNH2O → 
a CO2 + b H2O + c N2 + d O2 + e CO + f NO2 +
g NO .(  10 ) 
Thereof, we need to determine the equilibrium 
composition of the reacting mixture, hence, we must 
relate the equilibrium constants kp for each single 
reaction, with mass and energy balance that results 
in a system of simultaneous equations from which 
the composition can be evaluated. The number of kp 
relations needed is the difference between the 
number of species and the number of elements 
which results in three equilibrium constants, the 
following chemical reactions were taken in to 
consideration based on equation 10: 
 
CO2 → CO + 1/2 O2  ∣  kP1 =
e d0.5
a
(
P2atm
Ntot
)
0.5
.(11 ) 
N2 + O2 → 2 NO ∣ kP2 =
g
c0.5 d0.5
  .(  12 ) 
2 NO + O2 → 2NO2 ∣  kP3 =
f2
g2 d
(
P2atm
Ntot
)
−1
.(  13 ) 
From energy balance for an adiabatic process 
enthalpy of products is equal to enthalpy of 
reactants: 
∑ (Nir  hir(Tir))  =
Nr
i
∑ (Njp  hjp(Tprod))  
Np
j
.(  14 ) 
Now, we can determine products temperature, Tprod 
, which is the adiabatic flame temperature, thus, air 
is required to cool this flue gas to allowable turbine 
inlet temperature.  
 
 
1. Combustion Chamber Energy balance 
 
During the combustion process some chemical 
bonds are broken, new ones are created, the 
chemical energy associated with these bonds is 
different for the products and the reactants, 
therefore, the chemical energy must be considered 
when carrying out the energy balance, EES allows 
to determine immediately the total enthalpy of each 
one of the constituents. Referring to figure 4, the 
control volume of the combustion chamber and 
mixing, it follows that: 
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Figure 4.Combustion chamber energy balance 
 
Ṅc hc + Ṅm h2 = Ṅt h3 .(  15 ) 
Now we can estimate the mole fraction yi  of each 
constituent of the gas flue mixed with air incoming 
to the gas turbine, this is important to precisely 
evaluate the isentropic coefficient kt  for the 
expansion process that involves in determining final 
temperature of the process. 
 
1. Combustion Chamber Exergy Balance 
 
The exergy balance in the combustion chamber is 
based on the destroyed exergy, Xdestroyed, relation 
with the generated entropy, Sgen. Quoting the exergy 
destruction principle that is always a positive 
quantity and becomes zero for a reversible process, 
this represents the potential work loss or 
irreversibilities, Bejan [11]. defines it as:   
 
Xdetroyed = ToSgen ≥ 0 .(  16 ) 
Consequently, based in the idealized assumptions, 
generated entropy per kilomole of fuel is assessed 
firstly, see figure 5 and equations 17, 18 and 19.  
 
 
Figure 5. Entropy balance adiabatic combustion 
sgen = sproducts−sreactives ≥ 0 .(  17 ) 
sreactives = ∑ Nirs(Tir, Pir)/NCH4  
Nr
i .(  18 ) 
sproducts = ∑ Nip  s(Tip, Pip)/NCH4  
Np
i
.(  19 ) 
Where Pir/p  is the partial pressure of the constituent 
reactant or product i and Tir/p the respectively 
mixture temperatures. Former equations are based 
on the combustion reaction, equation. (10), which 
are evaluated per kilomole of fuel NCH4 [kmol], so, 
once generated entropy is calculated, destroyed 
exergy associated to the chemical reaction must 
consider the actual fuel consumption Ṅc [kmol/s], 
defined by:  
Ẋdetroyed C.C = To sgen Ṅc  .(  20 ) 
sgen is the generated entropy in the combustion 
process per kilomole of fuel. The maximum 
available work by the combustion chamber is related 
ideally with the Carnot heat engine, which operate 
in a reversible cycle, thermal efficiency is ηth: 
 
ηth = (1 −
T2
Tprod
) .(  21 ) 
The maximum work should consider the lower 
heating value, ergo, the hypothetical incoming heat 
to the cycle: 
Q̇in = LHVCH4  Ṅc  .(  22 ) 
This theoretical input heat should be related with the 
thermal efficiency, so the available work per unit 
time that a Carnot heat engine will produce will be 
ẆmaxCC [kW]: 
 
ẆmaxCC = ηthQ̇in .(  23 ) 
Destroyed exergy in the combustion chamber lead 
to determine the real work that a heat engine could 
deliver working between the compressor 
temperature and the combustion products 
temperature, that means a power output ẆCC [kW], 
this will be the difference between the maximum 
work of a heat engine operating between the inlet 
and outlet temperatures of the combustion chamber 
minus the destroyed exergy, combining equations 
20 and 23 it follows that: 
ẆCC = ẆmaxCC − Ẋdetroyed C.C  .(  24 ) 
The second law efficiency definition for the 
combustion chamber relates the recovered exergy 
with the available exergy, that is, the ratio of the 
recovered power and the maximum power available 
to do work, ηIICC. 
ηIICC =
ẆCC
ẆmaxCC
 .(  25 ) 
The discharge cooling air of the compressor is then 
mixed with the products of combustion to reach the 
admissible temperature T3 [K], see figure 6. 
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Figure 6. Entropy balance in the mixing process 
The generated entropy flow is described 
mathematically as: 
 
Ṡgen = Ṡout−Ṡin ≥ 0 .(  26 ) 
Ṡout = ṄTotal s3(T3, Pi) .(  27 ) 
Ṡin = Ṅc sproducts +  Ṅaf s2 .(  28 ) 
Where 
Ṡout : Entropy flow of the total gas mixture [kmol
/s · kJ/kmol K]  
Ṡin: Entropy flow before mixing [kmol/s · kJ
/kmol K] 
 
Therefore, destroyed exergy in the mixing process is 
evaluated by: 
Ẋdetroyed Mixing = To Ṡgen .(  29 ) 
Total destroyed exergy in the combustion chamber 
must be: 
ẊdetroyedTotal C.C = Ẋdetroyed C.C + Ẋdetroyed Mixing   
.(  30 ) 
 
iii. Turbine 
 
Flue gases at the adiabatic temperature Tprod  are 
cooled by discharge air from the compressor at a 
lower temperature T2 , which creates a mixture of 
gases at controlled temperature T3 ,this total mass 
flow, a mixture of gases ṁt enter the turbine, due to 
its high energy availability h3(T3) it is possible to  
 
 
 
extract useful mechanical work for electricity 
generation l: load, see figure 7. 
 
Figure 7. Expansion gas turbine 
As mentioned on compression progression, turbine 
final temperatures can successfully estimate as 
function of pressure ratio rpt, isentropic coefficient 
kt, and isentropic efficiency nt: 
T4 = T3 (1 − ηt (1 −
1
rt
)) .(  31 ) 
rt = rp
kt−1
kt
 
.(  32 ) 
Also, it is possible to calculate the current discharge 
temperature of the turbine based on the enthalpy, so 
the actual temperature T4ag  [K] is defined by it:  
h4ag(T4ag) = h3 − ηt(h3 − h4s) .(  33 ) 
The exergy balance is assessed from the 
corresponding change in the exergy flow in the 
turbine per unit mole, given by: 
ψ3 − ψ4 = h3 − h4 − To(s3 − s4) .(  34 ) 
Here, the reversible work per unit of time is defined 
as the maximum output of power for a work 
producing device, so reversible power in the turbine 
is defined by:  
ẆrevT = ṄTotal  (ψ3 − ψ4) .(  35 ) 
On the other hand, the actual work produced by the 
turbine is: 
ẆT = ṄTotal (h3 − h4) .(  36 ) 
Hence, second law efficiency is demarcated as: 
ηIIt =
ẆT
ẆrevT
   .(  37 ) 
The net power output for the power plant is 
measured as the difference between the gas turbine 
actual power and the actual power consumed by the 
compressor: 
ẆNet = ẆT − ẆC  .(  38 ) 
The specific fuel consumption is a direct function of 
the fuel molar flow and inversely proportional to the 
net power output, defined as by Razak [8]. :  
SFC =
3600 Ṅc
ẆNet
  .(  39 ) 
And the heat rate considers the lower heating value: 
HR = SFC LHV .(  40 ) 
This parameter is a power plant´s efficiency 
measure, it relates the energy input in the system 
with the electrical energy generated. The first law of 
thermal efficiency is:  
ηI =
3600
SFC LHV
.(  41 ) 
 
iv. Destroyed exergy by the natural cooling 
process of the exhaust gases 
 
Since the analysed system operates in open cycle, 
the exhaust gases are not being exploited to 
generate, for instance, steam, and building a 
combined cycle to increase the plant efficiency. 
Exhaust flue gases have an exergy that is degraded 
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or destroyed because of natural cooling to weather 
temperature. Referring to figure 8,   
 
 
Figure 8 Exhaust gases useful work 
It is observed that a thermal machine could operate 
between the temperature T4 and the ambient 
temperature T, which implies that an available work 
is being wasted and must be considered in the exergy 
analyses of the overall system. 
The heat rejected to the atmosphere Q̇out [kW] is 
evaluated from the first law of thermodynamics by: 
Q̇out = ṄTotal (h4 − hoT) .(  42 ) 
hoT Enthalpy of the gases mixture at the end of the 
natural cooling process.  
 
The reversible useful power that would deliver a 
Carnot heat engine is defined by  Ẇexhaust [kW]: 
Ẇexhaust = (1 −
T
T4
) Q̇out .(  43 ) 
The generated entropy during the heat rejection 
process to the atmosphere is analysed considering an 
extended system, which should include the exhaust 
gases and the immediate surroundings, that is the 
sum of the gas turbine exhaust gases entropy change 
and the entropy change of the atmospheric air 
around the chimney of the turbine: 
ṠgenExhaust =  ṄTotal  (soT − s4) +
Q̇out
T
.(  44 ) 
ṄTotal (soT − s4) is the entropy change of flue gases 
or  ∆SFlue Gas. 
Q̇out
T
   is the entropy change of the surroundings or 
∆Ssur. 
Finally, destroyed exergy for the flue gases is: 
ẊdestroyedExhaust = ṠgenExhaustT  .(  45 ) 
 
 
v. Total destroyed, recovered exergy and 
second law efficiency of the entire system 
 
The total destroyed exergy of the entire system must 
be the sum of the destroyed exergy for each device 
and process. The recovered exergy must be the net 
power obtained that will be delivered to the load or 
electrical generator, figure 9 helps to elucidate this 
concept: 
 
Figure 9. Total destroyed exergy 
 
Accordingly, total destroyed exergy is defined by:  
ẊdestroyedTotal = ẊdestroyedC +
ẊdestroyedTotal C.C + ẊdestroyedT + ẊdestroyedExhaust  
.(  46 ) 
Recapping: 
 ẊdestroyedC = ẆC − ẆrevC ∶  [kW] 
Destroyed exergy in the compressor 
 ẊdetroyedTotal C.C = Ẋdetroyed C.C +
Ẋdestroyed Mixing  [kW] 
Destroyed exergy in the combustion chamber  
 ẊdestroyedT = ẆrevT − ẆT  [kW] 
Destroyed exergy in the turbine  
 ẊdestroyedExhaust  [kW] 
Destroyed exergy by the flue gases  
Second law efficiency for the complete system is 
defined by: 
ηIISysTotal = 1 −
ẊdestroyedTotal
ẊExpended
  .(  47 ) 
The expended exergy is: 
ẊExpended = Ẋrecovered + ẊdestroyedTotal .(  48 ) 
The recovered exergy is: 
Ẋrecovered = ẆNet .(  49 ) 
 
III. Results and Discussion 
Net power output decreases provided that ambient 
temperature increase. See figure 10. There is a 
representative fraction of power loss due to 
operation far away designing point at 15°C.It is 
relevant to compact in one sketch the ambient 
temperature variation influence in some operating 
parameters of the cycle. 
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Figure 10. Power output as function of inlet air 
temperature 
 
Figure 11 shows the ratio variation referring to the 
ISO conditions. It represents the impact of 
compressor inlet temperature in the overall 
performance of gas turbine power plant where 
relevant operation parameters have been taken into 
account, relative values to ISO conditions in 
percentage were delineated.  
 
On the one hand, heat rate, HR, and exhaust 
temperature, T4, increase as inlet temperature 
increases. Conversely, first law efficiency, ηI, mass 
air flow, ṁm and power output ẆNet decreases as 
inlet temperature is higher than ISO standard 
reference point. Higher temperature values impact 
negatively the system performance. 
 
Figure 11. Overall performance as function of 
compressor inlet temperature 
Clearly the power output and cycle efficiency are 
negatively impacted, we observe a decrease of up to 
approximately 18% of power losses in relation to the 
optimal design point.  
An important consideration regarding the operation 
of thermal plants, based on natural gas as fuel, is the 
impact of height above sea level (m.a.s.l.). Elevated 
altitudes reduce the density of the air and 
consequently the mass flow that leads to a drop-in 
power. With the increase in altitude, as a rule, the 
power drop is approximately 3 to 4% per 1000 ft of 
altitude arrangement, Meher et al. al, 2001[12]. 
Figure 12 shows this tendency at different meters 
above sea level, 0, 500 and 1000 meters are shown. 
 
 
Figure 12. Height above sea level Impact of on net 
power output  
a. Compressor 
The compression power demanded by this device 
has a strong tendency to increase as the ambient 
temperature is higher, this is justified by the increase 
in the specific volume or decrease in the density of 
the working fluid at the entrance of the cycle. One 
way to minimize the consumed power is decreasing 
the specific volume of the gas, this is achieved 
lowering the inlet temperature by some method of 
cooling economically viable. A representation of the 
compressor discharge temperature T2, equation (1) 
assuming constant specific heats, compared with the 
exact calculation given by equation (3) in which the 
discharge temperature of the compressor is 
determined indirectly from the enthalpy h2a(T2a) is 
shown in figure 13. 
 
 
Figure 13. Compressor discharge temperature  
The power demanded by the compressor is 
simulated in figure 14.  
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Figure 14. Demanded power by the compressor 
As the temperature is lower we can obtain a lower 
consumption in this working consumer device, the 
power has been plotted for the approximation of 
constant specific heats ẆC[kW] and the exact 
calculation ẆCg[kW], the absolute error by both 
calculation method is in the range of 0.4% to 0.5%. 
Destroyed exergy in the compressor is shown on 
figure 15.  
Figure 15. Exergy destroyed as function of 
compressor inlet temperature 
 
 
Undoubtedly, irreversibilities tends to augment at 
elevated temperature. Thus, second low efficiency 
must tend to improve at lower temperatures as figure 
16 illustrates. 
Second-law-efficiency for such a work consuming 
device like the compressor represents the ratio by 
the minimum work and useful input work which 
means that less input of work is required for 
compress the gas to a final fixed state when inlet 
compressor temperature tends to decline. 
 
Figure 16. Second law efficiency in the compressor 
vs. ambient temperature 
b. Combustion chamber 
 
It is necessary to apply the chemical equilibrium 
criterion to all possible reactions that may occur in 
the combustion chamber. To validate the 
combustion model proposed in EES, a parallel 
calculation was developed with NASA's CEA 
(Chemical Equilibrium with Applications) software, 
which calculates equilibrium compositions and 
properties of complex mixtures for any set of 
reactants. Figure 17 shows the adiabatic temperature 
as a function of the excess of air. Mathematical 
model results got in EES are compared with the 
CEA of NASA. Also, detailed product composition 
is shown in the same figure for each constituent, see 
figures 18 to 23. 
 
 
Figure 17.Adiabatic flame temperature vs. excess 
air, CEA vs. EES 
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Figure 18.N2 molar percentage, CEA vs. EES 
 
 
 
Figure 21. NO molar percentage, CEA vs. EES
Figure 19.CO2 molar percentage, CEA vs. EES 
 
Figure 20.O2 molar percentage, CEA vs. EES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 22.CO molar percentage, CEA vs. EES 
 
 
 
 
Figure23. NO2 molar percentage, CEA vs. EES 
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NASA's CEA theoretical results are used as a 
reference of the molar fraction of combustion 
products, an excellent result has been obtained with 
the program proposed in the EES, as can be 
compared both data in the same figure per each 
component, the errors are practically null.  
Total demolished energy on combustion process and 
mixing process is described on figure 24. Evidently, 
combustion processes are extremely irreversible. 
This process involves no actual work. No matter 
how compressor inlet temperature is, destroyed 
exergy remains high in the combustion chamber in 
comparison to compressor and turbine exergy 
diminished.  
 
Figure 24. Total demolished exergy on combustion 
chamber as function on compressor inlet 
temperature 
c. Gas turbine 
 
The extracted power by the turbine is plotted in 
figure 25, as the inlet temperature is lowered we can 
extract a greater amount of power from the device, 
the power has been plotted for the approximation of 
constant specific heats, ẆT [kW] and the 
calculation exact method ẆTg [kW], the absolute 
error of the approximate calculation method is in the 
range of 0.4% to 0.5%. 
 
Figure 25. Extracted power by the turbine 
While second law efficiency for the turbine is shown 
on figure 26. It has a similar behaviour as  
compressor efficiency which it trend is to enhance 
as compressor inlet temperature goes down.  
 
Figure 26. Second law turbine efficiency as 
function of compressor inlet temperature 
 
It is evident a better use of the power extraction 
capacity in the turbine, leading to an increase in the 
second law efficiency, the results of the two 
calculation methods are again compared. 
 
d. Exergy destroyed by the exhaust gases of the 
turbine 
 
It is also important to consider the exergy destroyed 
during the heat rejection process of the exhaust 
gases to the environment after expansion in the 
turbine, since the gas temperatures are of the order 
of 800 [K], as shown in figure 27. 
 
 
Figure 27. Flue of gases temperature after 
expansion in the turbine 
 
Although T4 is reduced when inlet air to the system 
is cooled, the heat transfer pace that could be 
achievable by a Heat Recovery Steam Generator, 
HRSG is faster. Therefore, the work per unit of time 
that would realize an ideal thermal machine that 
operates between the discharge temperature of the 
exhaust gases of the turbine and the ambient 
temperature is shown in figure 28.  
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Figure 28. Power ideal thermal machine 
recovering energy exhaust gases 
This waste of energy must be considered in the 
whole system. The trend of Figure 28 is theoretically 
in accordance with the operation of real machines in 
combined cycle operating with a cooling system at 
the entrance of the cycle, this fact is highlighted by 
Razak [8]. : 
 
“The increase of the air flow in the 
compressor and consequently the increase 
of the flow rate of the exhaust gases due to 
the cooling of input to the inlet also 
increases the rejection of heat from the gas 
turbine and is beneficial for the operation in 
combined cycles (Razak, 2007, pp. 399).” 
 
 
e. Second law efficiency and destroyed exergy 
of the whole system 
 
To visualize the improvement in the whole system 
by cooling the air entering the compressor it is 
necessary to simulate what would be the expended, 
destroyed and recovered exergy in the complete 
system, this representation is sketched in Figure 29, 
where it is evident the increase of the exergy 
recovered by the system as the entry temperature to 
the compressor decreases. 
 
Figure 29. Recovered, destroyed and available 
exergy from the global system 
 
It is clear that the exergy availability or exergy 
provided is also superior, this is related to the 
increase in air flow and fuel required, the destroyed 
exergy also increases, but the quality of the use of 
energy showed by second law efficiency, where its 
tendency justifies or not the implantation of an air 
cooling system is successfully depicted in the 
illustration 30.  
 
Figure 30. Second law efficiency 
IV. Conclusions 
The modified Brayton cycle presented, allows to 
determine the main operating parameters by means 
of an energy and exergy analysis, in order to be able 
to carry out its study from two different points of 
view, such as the conservation of energy and 
degradation of the quality of the energy. 
The inlet air temperatures in the compressor above 
15 °C demonstrates the negative impacts in the 
power output losses of the system, the power 
generated decreases considerably as the temperature 
moves away from the ISO design conditions, near 
40 ° C can have soaring power losses. 
The second law efficiency that describes the concept 
of energy quality considers all the devices and 
processes that are carried out in the simulated cycle, 
second law efficiency has a tendency to increase as 
the entry temperature to the compressor decreases, 
this simulation demonstrates by a means other than 
the first law the justification for the implementation 
of a cooling system in a gas turbine to recover the 
lost power. 
To counteract these negative effects, air cooling at 
the entrance of the compressor is proposed, 
technological solution defined as TIAC (Turbine 
Inlet Air Cooling) which helps to stabilize the power 
output and decrease the heat rate of the system, 
(Razak, AM Y, 2007, chapter 14, pp. 393-394). 
 
 
Acknowledgments 
 
Special acknowledgements to Doctor Gerardo 
Gordillo who has fully supported this investigation, 
an also foreseen a real and possible application on 
 
 
INGE CUC, Vol. 16, No.2, Julio - Diciembre, 2020 (IN PRESS) 
 
   
 
 
 
 
13 
the industry, meshing academy concepts to 
applicable technology solutions based on 
thermodynamic principles.  
References 
[1]  Alaa A., El-Shazly., Mohamed Elhel., Medhat 
M., Sorour, Wael M. y El Maghlany 
(2016). Gas turbine performance 
enhancement via utilizing different 
integrated turbine inlet cooling techniques. 
Alexandria Engineering Journal (2016) 55, 
1903-1914. 
https://doi.org/10.1016/j.aej.2016.07.036 
 
[2] Oyedepo, S y Kilanko O. (2012). 
Thermodynamic Analysis of a Gas Turbine 
Power Plant Modelled with an Evaporative 
Cooler. Mechanical Engineering 
Department, Covenant University, Ota, 
Nigeria. ICCEM 331-342.  
 
[3]    Wadhah H y Abdul R. (2016).  Performance of 
a gas turbine with impact cycle 
temperatures trough exergy analysis. 
International journal of the new technology 
and research. ISSN: 2454-4116, Volume-
2, May 2016. 
 
[4]. Y. A. Cengel and M.A Boles (2015). 
“Thermodynamics-An Engineering 
Approach” 8th edition, New York: McGraw 
Hill 
 
[5] Tara V. Ravi S. and Raganraya C. (2013).  
Exergy analysis of gas turbine power plant. 
International Journal of Engineering 
trends and technology. 
 
[6] Giampaolo T. (2006).  Gas Turbines Inlet 
Treatment. En Gas Turbine Handbook 
Principles and practices-Third Edition (p. 
122). The Fairmont Press, Inc. 700 Indian 
Trail, Lilburn, GA 30047. 
 
[7]   Boyce P. (2002). An Overview of Gas Turbines. 
Major Gas Turbine Components, 
Combustors. En Gas Turbine Handbook. 
(pp. 33-36). Butterworth-Heinemann. 
Previously copyrighted by Publishing 
Company, Houston, Texas. 
 
[8]  Razak, A. M. Y (2007).  Power Augmentation. 
En Industrial Gas Turbines, Performance 
and operability (pp. 393-403). North 
America: CRC Press LLC, 6000 Broken 
Sound Parkway, NW, Boca Raton, FL 
33487, USA. 
 
[9]  Saravanamuttoo, HIH. Rogers, GFC y Cohen, 
H. (2001). Shaft power cycles. En Gas 
Turbine Theory (pp. 56-57). England: 
Pearson Education Limited  
 
[10]  Rotaru, C., Mihaila, M., Matei, G., y Edu, I. 
(2014). Thermodynamic performances of 
the turbojet combustion chambers – 
numerical evaluation. International 
Conference on Mechanics, Fluid 
Mechanics, heat and Mass Transfer, (p. 
88),  ISBN: 978-1-61804-220-0    
  
[11] Bejan, A. (2006). Lost Available Work. En 
Advance Engineering Thermodynamics. 
(pp. 102-104). United States of America: 
John Wiley & Sons.  
 
[12]  Meher-Homji, C., Chaker, M. y Motiwala, M. 
(2001). Gas turbine performance 
deterioration. En The 30th turbomachinery 
symposium.  
 
Daniel Eduardo Forero Florian is an innovative 
qualified mechanical engineer with over seven years 
experience as a mechanical engineer with affairs 
related to power transmission belts, conveyor belts, 
thermoplastic materials, gas turbine inlet air cooling 
(TIC). Specialized in turbomachinery and 
reciprocating compressors, energy conversion, 
thermodynamics, heat transfer, and fluid mechanics. 
Knowledge of Vibration Analyses, Engineering 
Equation Solver (EES), MS Office, Solid Works, 
Wolfram Mathematica software. 
https://orcid.org/0000-0001-5028-6607 
 
 
 
 
 
